The 
Introduction
During the last decade, bioorthogonal chemical reactions have been developed to probe biomolecules in living systems. [1] [2] [3] [4] [5] The chemical motifs involved in these reactions include peptide sequence with specific side chain combinations, carbonyl moieties for condensation with aminooxy or hydrazides probes, and azides for Staudinger ligation with triarylphosphines and cycloadditions to alkynes. 6, 7 The biocompatibility of these reactions provides efficient tools for the modification of proteins, the labeling of enzymes, the metabolic labeling of cell-surface glycans and lipids within their native cellular environment and thus allows to study the biological processes in which these biomolecules are involved.
Further development of highly reactive bioorthogonal reagents, avoiding the use of metal promoters, [8] [9] [10] [11] [12] [13] [14] extended the application of these probing methodologies to living cells and animals.
A promising approach in tissue engineering is to seed implants with the cells of interest prior to implantation. Such an approach may request chemical functionalization of the cell surface.
Human fetal cells have an interesting potential for therapeutic use in tissue engineering and regeneration, including bone tissue engineering, due to their rapid growth rate and their ability to differentiate in vitro into mature osteoblasts as well as their histocompatibility, [15] [16] [17] eliminating the need for anti-graft rejection medication of the patients.
For further development of bone implants, we aimed to develop means to chemically functionalize human fetal osteoblasts toward future application of these modified cells in implant biomaterials. As small peptides 18, 19 can promote cell adhesion and proliferation, we have focused on the development of hydrophilic ligands containing amino acid residues.
Here, the use of copper-mediated and copper-free catalyzed azide-alkyne [3+2] dipolar cycloaddition was investigated for the covalent functionalization of cell-surface proteins of human primary fetal osteoblasts. Chemical ligands containing amino acid residues, a terminal alkyne for functionalization of cell surface proteins through copper-mediated and copper-free
[3+2] dipolar cycloadditions and a biotin label for probing cell functionalization were designed and synthesized. Then their potential to covalently functionalize human fetal osteoblasts was evaluated. The efficiency of the coupling reaction was determined using the reporter biotin conjugate, as previously used in a different cellular model, 20, 21 and the longterm survival of the functionalized cells following the click reactions was optimized.
and finally with saturated NaCl. The organic phase was dried over anhydrous MgSO4, filtered and concentrated under reduced pressure. The product was purified by flash column chromatography (EtOAc/petroleum ether 2:1 then 3:1) (332 mg, 60 % After stirring for 1h the solvent was removed and HCl was coevaporated in presence of acetonitrile to afford acid 6 as a white solid (420 mg, 86 %). N 2 -[9A fluoren-9-ylmethoxy)carbonyl]-N-3, 6, 9, 12-tetraoxa-pentadec-14-yn-1-yl-L-α-glutaminate 6 (100 mg, 
Tert-butyl N 2 -[4-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl-pentanoyl]-N-(3,
6
Cellular assays Cells and cell culture reagents
Human fetal osteoblasts were derived by the explant technique from the femoral bone of a 12- 
Experimental conditions for the click reactions:
Human fetal osteoblasts (80-90 % confluent) were washed with warm (37°C) PBS and incubated in methionine-free DMEM culture medium containing 4.5 g/l glucose, antibiotics (P/S) and 3% FCS for 30-60 min to deplete methionine reserves. Then they were incubated for 4 h in the presence of AHA (50 µM) in fresh complete culture medium. The culture medium was removed and the cell layer was washed twice with PBS. Then the click reactions were performed and efficacy of the reaction was evaluated by fluorescence microscopy or fresh complete medium was added and culture continued for assessing cell survival using the WST-1 test.
Fluorescence microscopy experiments
Click-reaction (Scheme 5A Click-reaction (Scheme 5B): Stock solutions of compounds 12 and 13 (1 mM in PBS), CuSO4 (2 mM in water), THPTA (10 mM in PBS), aminoguanidine (50 mM in PBS) and sodium ascorbate (100 mM) were prepared. The reaction mixture containing compounds 12 or 13 (100 µM), aminoguanidine (1 mM), CuSO4 (50 µM), THPTA (250 µM) and sodium ascorbate (2.5 mM) in PBS was pre-incubated for 1 h at 4 °C The cell culture medium was removed and the cell layer was washed twice with HBSS. For microscopy experiments, the reaction mixture was added to the cells at 4 °C for 5 min. The reaction mixture was removed and two washings with PBS at 37 °C allowed the complete removal of the different reagents.
The cells were then fixed using a 4 % p-formaldehyde solution for 10 min at room temperature. After two washings with warm PBS, the cells were incubated with PBS containing 1 % BSA for 1 h at room temperature, then the labeling was performed as above.
Click-reaction (Scheme 5C): Stock solution of compound 16 (2.5 mM in PBS:DMF (7:3)) was prepared. For microscopy experiments, the click reaction was performed in a solution containing compound 16 (100 µM) in DMEM containing additional HEPES (20 µM).
Incubation was performed for 1 h at 25 °C. The reaction mixture was removed and two washings with PBS at 37 °C allowed the complete removal of the reagents. The cells were then fixed using a 4 % p-formaldehyde solution for 10 min at room temperature. After two washings with warm PBS, the cells were incubated with PBS containing 1 % BSA for 1 h at room temperature and the labeling was performed as above.
Evaluation of the conjugation of the ligands to the cells:
The copper-free click reaction with compound 16 (100 µM) and the THPTA/copper-catalyzed click reaction with compounds 12 or 13 (100 µM) were performed on human fetal osteoblasts grown on histological slides and pre-incubated with AHA, and subsequently exposed to fluorescent streptavidin to label biotin according to the described procedures. To evaluate for nonspecific binding, human fetal osteoblasts without pre-incubation with AHA were exposed to Copper-free click reaction: cell cultures were treated with compound 16 (100 µM) in DMEM containing 4.5 g/l glucose, antibiotics (P/S) and additional HEPES (20 µM) for 1 h at room temperature. Then cell survival was evaluated after 24 h to 96 h as above.
Results

Synthesis of chemical ligands for functionalization of cell proteins
Following the procedure of Svensson, 22 The simpler model molecule 13 was also prepared to determine the appropriate conditions for the copper-mediated click reaction. The synthesis was performed starting from amine 3 which was coupled with an activated biotin in the presence of triethylamine (Scheme 3). The desired product 13 was provided in 51 % yield.
To avoid the use of a metal catalyst, a chemical ligand suitable for copper-free click reaction was also synthesized. The difluorinated cyclooctyne (DIFO) moiety developed by Bertozzi and co-workers 11 which has demonstrated a high potential to bind to cell surface proteins via a copper-free click reaction was introduced in one of our conjugates for the functionalization of human fetal osteoblasts. The DIFO 14 was coupled with the tetraethylene glycol-biotin derivative 15 in the presence of PyBOP at room temperature to provide the model compound 16 (Scheme 4) which can react with azido-modifed cell proteins.
Biological evaluation of the synthesized compounds using click reactions
The cell experiments were designed to determine which experimental coupling conditions However, an important and very rapid cytotoxicity was observed under these experimental conditions ( Figure 2A ). While ligands 9, 10, 12 and 13 did not show any cytotoxicity at concentrations up to 100 µM ( Figure 2C ), the catalytic system TBTA/CuSO4 induced cell death after 1 h exposure at concentrations higher than 0.8 mM in copper ( Figure 2B ). This significant cytotoxicity of the copper catalytic promoter prompted us to explore alternative conditions for the functionalization of the fetal osteoblasts by click reaction.
Hong and co-workers have recently reported 26 a modified copper-catalyzed click reaction with decreased cytotoxicity that allows the labeling of living cells. In this modification, the use of the water soluble tris-(hydroxypropyltriazolylmethyl)amine (THPTA) promoter in the catalytic system in the presence of sodium ascorbate increases the reaction rate allowing a lower copper concentration and captures the reactive oxygen species (ROS) generated by the metal, thus decreasing cytotoxicity. Aminoguanidine also added to the reaction mixture traps dehydroascorbate and its decomposition products before they can react with protein side chains. 26 These reaction conditions were applied for the functionalization of fetal osteoblasts with 12 and 13. Aminoguanidine (1 mM), 12 or 13 (100 µM), copper sulfate (50 µM), THPTA (250 µM) and sodium ascorbate (2.5 mM) were sequentially added to the cells. After 5 min at 4°C, the reagents were removed and labeling of cell nuclei with DAPI and detection of streptavidin-Cy3 binding by fluorescence microscopy were performed. The functionalization of the cell surface was observed for both 12 and 13 ( Figure 3B and 3C) , whereas in the absence of preincubation of cells with AHA no labeling was detected ( Figure   3A ). After the reaction, the cells were washed free of the reagents and cultured in complete culture medium and the WST-1 assay was performed after 24, 48, 72 and 96 h ( Figure 4A ).
The results demonstrated a good cell survival since human fetal osteoblasts survived and proliferated for up to four days after the copper-catalyzed click reaction performed with the THPTA ligand in the presence of aminoguanidine. demonstrated by fluorescence microscopy using Cy3-streptavidin ( Figure 3E ), whereas in the absence of preincubation of cells with AHA no labeling was detected ( Figure 3D ). An excellent cell survival rate for up to 96 h after the cycloaddition process was evidenced ( Figure 4B ). A. To evaluate for non-specific binding, human fetal osteoblasts without pre-incubation with AHA were exposed to the TBTA/copper catalyst and biotin-containing compound 13, then to fluorescent streptavidin to label biotin and DAPI to label nuclei. B-E. Human fetal osteoblasts were pre-incubated with AHA and subsequently exposed for 1 h at 37 °C to compounds 13 (B), 9 (C), 10 (D) or 12 (E) using TBTA/copper-catalyzed click reaction, then to fluorescent streptavidin to label biotin and DAPI to label cell nuclei. Bound compounds fluoresce red and cell nuclei blue. A. TBTA/copper-catalyzed click reaction was performed for 1 h at 37 °C between compound 13 and human fetal osteoblasts pre-incubated with AHA, cell culture medium was changed and culture was continued for 24 to 48 h. Then the WST-1 assay was performed. B. Human fetal osteoblasts without pre-incubation with AHA were exposed for 1 h at 37 °C to the TBTA/copper catalytic system at increasing concentrations of the catalysts, then the WST-1 assay was performed. C. Human fetal osteoblasts without pre-incubation with AHA were exposed for 1 h at 37 °C to compound 9, 10, 12 and 13 in the absence of TBTA/copper catalysts, cell culture medium was changed and culture was continued for 24 h, then the WST-1 was performed. Results are the means + sd of triplicate wells of a representative experiment out of 3 independent experiments. A. To evaluate for non-specific binding, human fetal osteoblasts without pre-incubation with AHA were exposed to biotin-containing compound 13 in the presence of the modified THPTA/copper catalyst, then to fluorescent streptavidin to label biotin and DAPI to label cell nuclei. B. and C. Human fetal osteoblasts were pre-incubated with AHA and subsequently exposed for 5 min at 4 °C to compounds 13 (B) or 12 (C) using the THPTA/copper-catalyzed click reaction, then exposed to fluorescent streptavidin to label biotin and to DAPI to label cell nuclei. D. To evaluate for non-specific binding, human fetal osteoblasts without preincubation with AHA were exposed to biotin-containing compound 16, then to fluorescent streptavidin to label biotin and DAPI to label cell nuclei. E. Human fetal osteoblasts were preincubated with AHA and subsequently exposed to compound 16 for 1 h at 25 °C using copper-free click reaction, then to fluorescent streptavidin to label biotin and to DAPI to label cell nuclei. Bound compounds fluoresce red and cell nuclei blue. or 13: cells exposed to the compounds in the absence of AHA; AHA: cells exposed to AHA in the absence of the compound; AHA+16/+13: cells exposed to AHA and the compounds.
Results are expressed as the ratio of the cell-bound HRP activity to the protein cotent per well. 
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